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1,2 Angiotensin II (Ang-II), the main peptide in this system, by acting on brain Ang-II type 1 receptors (AT 1 R), can increase sympathetic outflow, BP, water intake, salt appetite, and vasopressin release, but it also decreases baroreflex gain and vagal tone. Overactivity of the RAS is a major contributor to the development and maintenance of neurogenic hypertension in experimental models and humans, and RAS blockers are the most commonly prescribed drugs for the treatment of high BP. 3 Angiotensin-converting enzyme type 2 (ACE2) was discovered a decade ago and has been recognized as a critical component of the RAS. 1, 4, 5 We previously identified the presence of ACE2 in the mouse brain, 6 notably in regions involved in the control of cardiovascular function, supporting a potential role for ACE2 in central BP regulation. By transforming Ang-II into the vasodilatory peptide angiotensin- (1) (2) (3) (4) (5) (6) (7) [Ang-(1-7)], ACE2 not only reduces AT 1 R stimulation by Ang-II but also promotes Mas receptor (MasR) activation by Ang-(1-7), leading to nitric oxide release 7 and opposing the development of neurogenic hypertension. 1 To study the impact of ACE2/Ang-(1-7)/MasR axis of RAS in hypertension, overexpression of ACE2 has been used extensively in animal models. Studies from various groups, including ours, reported that ACE2 overexpression leads to a reduction in sympathetic drive, an improvement in baroreflex gain, and, overall, a reduction of BP in experimental hypertension models. [7] [8] [9] [10] [11] However, fewer studies addressed the effects of RAS overactivation on endogenous ACE2 in neurogenic hypertension. In spontaneously hypertensive rats, ACE2 protein expression was shown to be reduced in the rostral ventrolateral medulla, a region containing presympathetic neurons responsible for the maintenance of hypertension. 11 Similarly, we previously observed reduced ACE2 activity in the brain stem of genetically hypertensive mice with chronic elevation of Ang-II. 8 These findings suggest that although ACE2 October 12, 2013
overexpression is beneficial in reducing high BP, its compensatory effects are blunted during the development of hypertension. Moreover, the mechanisms involved in the reduction of endogenous brain ACE2 during the development of neurogenic hypertension are unknown. A process called ACE2 shedding, during which the ACE2 ectodomain is cleaved from the cell membrane and released into the extracellular milieu, was previously reported in vitro. 12 This shedding is mediated by a member of the disintegrin and metalloproteinase family, ADAM17. However, the impact of ACE2 shedding has not been studied in neurogenic hypertension. Our study aimed at testing the hypothesis that chronic RAS activation enhances ADAM17 activity and promotes ACE2 shedding, leading to ACE2 secretion and thereby preventing its compensatory role in neurogenic hypertension.
Our data show that ACE2 shedding is activated in the brain of deoxycorticosterone acetate (DOCA)-salt hypertensive mice, promoting the reduction of membrane-bound ACE2 in these animals. In addition, using transgenic mice, we showed that maintaining high levels of ACE2 specifically in the brain restores baroreflex and autonomic functions and contributes to the reduction of hypertension and associated inflammation. Finally, we demonstrated that RAS overactivity activates ADAM17 expression and activity in neurogenic hypertension, and knockdown of ADAM17 in the brain prevents ACE2 shedding and DOCA-salt-induced hypertension.
Methods
A detailed Methods section is available in the Online Data Supplement.
Transgenic Mice and Animal Husbandry
Experiments were performed in adult male (14-16 weeks old; 25-30 g) transgenic synapsin-hACE2 (SA) mice 7 and nontransgenic (NT) littermates. SA mice were generated in collaboration with Dr Curt D. Sigmund at the University of Iowa and backcrossed into the C57Bl/6 background for >9 generations. Animals were housed in a temperature-controlled and humidity-controlled facility under a 12-hour dark/ light cycle and fed standard mouse chow and water ad libitum. All procedures were approved by the Louisiana State University Health Sciences Center-New Orleans Animal Care and Use Committee and are in agreement with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
DOCA-Salt Treatment and Physiological Recordings
Baseline BP was recorded by telemetry in uninephrectomized SA and NT cohorts for 3 days. Then, mice were randomly divided into 4 groups (n=12 per group), implanted subcutaneously with either a DOCA silicone (DOCA:silicone, 1:3; DOCA, 1 mg/g body weight) or an empty silicone (sham surgery) sheet. Drinking water from DOCA-implanted mice was replaced by 1% NaCl solution. BP was continuously recorded for 3 additional weeks. At the end of the protocol, the mice were euthanized and the brains and plasma were collected for enzyme activity assays, peptide level measurements, immunoprecipitation, and Western blot analysis. In another set of experiments, uninephrectomized NT mice were divided into 4 groups (n=6 per group) and infused intracerebroventricularly (icv) for 3 weeks with either ADAM17 siRNA (0.1 nmol/d) or artificial cerebrospinal fluid (CSF) while receiving DOCA-salt or sham treatment. BP was recorded daily by radiotelemetry as described. Another subset of NT mice was infused with losartan (2 µg/h icv) 13 for 3 weeks while receiving DOCA-salt treatment. Spontaneous baroreceptor reflex sensitivity (SBRS), reflecting the baroreflex control of heart rate, was calculated using the sequence method described previously. 7, 8 Autonomic function was assessed in conscious freely moving mice before and 3 weeks after DOCA-salt treatment using a pharmacological method involving intraperitoneal injection of propranolol (β-blocker; 4 mg/kg), atropine (muscarinic receptor blocker; 1 mg/kg), and chlorisondamine (ganglionic blocker; 5 mg/ kg). 8 Each injection was separated by at least a 3-hour recovery period. Changes in heart rate or mean arterial pressure (ΔMAP) were calculated after administration of these blockers. At the end of the protocol, mice were euthanized and the brains and plasma were collected and stored at −80°C until used in the various assays.
Statistics
Data are presented as mean±SEM. Data were analyzed by repeated measures ANOVA or 2-way ANOVA, followed by Bonferroni post tests for multiple comparisons between means, as appropriate. Statistical comparisons were performed using Prism 5 (GraphPad Software). Differences were considered statistically significant at P<0.05.
Results

Brain ACE2 Overexpression Reduces DOCASalt-Induced Hypertension by Preserving Baroreflex Sensitivity and Autonomic Function
Using a transgenic mouse model overexpressing ACE2 specifically in neurons (SA), we previously observed that high ACE2 activity in the brain prevents the development of hypertension induced by chronic Ang-II infusion. 7 Although this model is widely used, it is not representative of the type of hypertension associated with salt sensitivity and low renin levels, which is common in African Americans and patients with type II diabetes.
14 To address the ability of neuronal ACE2 to overcome RAS overactivity in these conditions, we developed DOCA-salt hypertension, a model of neurogenic hypertension, in both NT and SA mice. ACE2 overexpression in the brain did not affect any of the baseline hemodynamic and cardiovascular parameters, such as MAP, SBRS, or autonomic function ( Figure 1A-E) . DOCA-salt treatment produced a progressive increase in MAP in both NT and SA mice, which reached a plateau by the end of the first week. However, ACE2 overexpression in SA plus DOCA mice was associated with a significantly smaller increase in MAP than in NT plus DOCA mice (P<0.05; Figure 1A ). These data confirm that, as reported in the Ang-II infusion model, 7 brain ACE2 expression can significantly impair the development of neurogenic hypertension. The baroreceptor reflex is the main mechanism involved in the beat-to-beat maintenance of BP within a normal range, and its sensitivity is often impaired in hypertension, for example, as a result of elevated Ang-II levels. To assess the effects of neuronal ACE2 on baroreflex function, we determined SBRS using the sequence method. 15 As expected, SBRS was significantly reduced in NT plus DOCA mice compared with sham (P<0.05; Figure 1B ). However, SA mice showed no impairment of SBRS during DOCA-salt treatment ( Figure 1B) .
A balance between sympathetic drive and vagal tone is also critical for BP regulation. Autonomic function was assessed in conscious mice after 3 weeks of treatment after randomized injections of sympatholytic drugs and a vagal blocker. Autonomic function was identical between sham-treated NT and SA mice ( Figure 1C -E). DOCA-salt administration resulted in significant increases in both cardiac and vascular sympathetic drive (P<0.05 versus sham; Figure 1C and 1D), whereas vagal tone was blunted (P<0.05 versus vehicle; Figure 1E ), contributing to the maintenance of hypertension in NT plus DOCA mice. However, cardiac dysautonomia was prevented and sympathetic drive to the vasculature was reduced in SA plus DOCA mice ( Figure 1C-E) .
These data provide strong evidence that ACE2 expression in neurons plays a critical role in maintaining the functionality of baroreflex and autonomic regulations during the development of hypertension.
ACE2 Overexpression Prevents DOCA-Salt-Mediated RAS Overactivity
ACE2 has been recognized as a member of the RAS, because it transforms Ang-II into the vasodilatory peptide Ang-(1-7), thus providing a double opportunity to oppose the overactive RAS. 16 Brain Ang-II is known to increase norepinephrine and arginine vasopressin (AVP) release, thereby contributing to the maintenance of hypertension. 17 We tested whether ACE2 expression could regulate the release of these prohypertensive neuropeptides by modulating Ang-II levels in the brain. Measurement of Ang-II levels using enzyme-linked immunosorbent assay in NT plus DOCA mice revealed a 3-fold increase in the hypothalamus (P<0.05 versus NT plus sham; Figure 1F ) but not in the plasma (NT plus sham, 23±1 pg/mL; NT plus DOCA, 20±1 pg/mL), confirming that DOCA-salt hypertension results in enhanced brain Ang-II levels without altering the systemic RAS. Similarly, plasma AVP (P<0.05 versus NT plus sham; Figure 1G ) and urinary norepinephrine (P<0.05 versus NT plus sham; Figure 1H ) levels were significantly increased after DOCA-salt treatment. ACE2 overexpression in the brain did not alter the baseline levels of these peptides ( Figure 1F -H). However, it prevented the DOCA-salt-induced increase in hypothalamic Ang-II levels (P<0.05 versus NT plus DOCA; Figure 1F ). Moreover, it was associated with a 50% reduction of AVP levels ( Figure 1G ; P<0.05 versus NT plus DOCA; P<0.05 for interaction between DOCA treatment and genotype) and prevented the increase in urinary norepinephrine levels (P<0.05 versus NT plus DOCA; Figure 1H ).
Although elevation of brain Ang-II levels has been reported to mediate an inflammatory response before the development of hypertension, 18 the contribution of Ang-II in this process has been questioned in DOCA-salt hypertension. 19 Therefore, we extended our study by measuring tumor necrosis factor (TNF)-α, IL-1β, IL-6, and MCP-1 in the brain during DOCA-salt hypertension. Reverse-transcription polymerase chain reaction shows that mRNA for all proinflammatory cytokines and chemokine was increased in the hypothalamic paraventricular nucleus (PVN) of NT plus DOCA mice (Figure 2A-D) , confirming the feed-forward mechanism in DOCA-salt hypertension. Moreover, these increases were significantly blunted (TNF-α, IL-1β, and MCP-1) or prevented (IL-6) in SA plus DOCA mice, supporting the beneficial effects of ACE2 expression in the prevention of RAS-mediated inflammation. Neuron-targeted angiotensin-converting enzyme type 2 (ACE2) overexpression attenuates deoxycorticosterone acetate (DOCA)-salt hypertension. DOCA implanted subcu taneously and combined with 1% saline drinking solution induced a progressive increase of mean arterial pressure (MAP; A) in uninephrectomized (n=12 mice per group) nontransgenic (NT) and synhACE2 (SA) mice with neuronspecific expression of human ACE2. After 21 days of DOCAsalt treatment, spontaneous baroreceptor reflex sensitivity (SBRS; B) was calculated using the sequence method, and autonomic function was assessed pharmacologically by determining the changes in MAP (ΔMAP) and heart rate (ΔHR) after intraperitoneal injections of a βblocker (propranolol, 4 mg/kg; C), ganglionic blocker (chlorisondamine, 5 mg/kg; D), and muscarinic antagonist (atropine, 1 mg/kg; E). At the end of the protocol, hypothalamic angiotensin II (F), plasma arginine vasopressin (AVP; G), and urinary norepinephrine (H) were determined using enzymelinked immunosorbent assay kits (n=3-6 mice per group). *P<0.05 vs sham; †P<0.05 vs NT plus DOCA. October 12, 2013
Because RAS overactivity is associated with increased levels of classic RAS components such as Ang-II and AT 1 R, as well as reduction of components of the compensatory RAS such as ACE2, Ang- (1-7), and the MasR, we tested whether these were affected in DOCA-salt hypertension. AT 1 R and MasR mRNA and protein levels were assessed by quantitative reverse-transcription polymerase chain reaction and Western blotting. In NT mice, DOCA-salt treatment resulted in upregulation of AT 1 R and a concomitant reduction of MasR levels in the PVN ( Figure 3A-D) , contributing to RAS overactivity. Conversely, ACE2 overexpression was associated with MasR upregulation and prevented the receptor changes mediated by DOCA-salt treatment (Figure 3 ; P<0.05 for interaction between DOCA treatment and genotype). To further establish brain RAS overactivity, a subset of NT mice was chronically infused with AT 1 R blocker losartan (icv) while treated with DOCA-salt for 3 weeks.
Online Figure I shows that brain AT 1 R blockade prevented the development of neurogenic hypertension, confirming the critical role of central AT 1 R in this model. Together, our data show that DOCA-salt hypertension leads to brain RAS overactivity and increase in prohypertensive peptides and proinflammatory molecules and is mediated by enhanced AT 1 R and reduction of MasR levels. In addition, our data strongly support the pivotal role of ACE2 in the catabolism of Ang-II in the brain, thereby reducing RAS overactivity.
ADAM17 Stimulates ACE2 Shedding in the Brain of DOCA-Salt Hypertensive Mice
The findings presented suggest that ACE2 expression can exert an inhibitory role on RAS overactivity, thus abating the development of hypertension. However, we 8 and others 11 previously showed that RAS overactivity is associated with downregulation of brain endogenous ACE2 in genetic models of hypertension. We tested whether endogenous brain ACE2 activity/protein is altered during DOCA-salt hypertension. In NT plus DOCA mice, ACE2 activity was reduced by 50% in the hypothalamus (P<0.05 versus NT plus sham; Figure 4A ). To determine whether these changes are restricted to ACE2 enzymatic activity, mRNA and protein expression were analyzed in the hypothalamus using species-specific primers and an antibody specific for mouse ACE2. Although transcriptional regulation was ruled out by unaffected ACE2 mRNA levels (Online Figure II) , ACE2 protein expression was similarly reduced by DOCA-salt treatment in both genotypes, albeit more modestly than activity ( Figure 4B ). To further clarify ACE2 regulation, we performed microdialysis and assessed ACE2 activity in the CSF. Surprisingly, NT plus DOCA mice exhibited ≈2-fold increase in ACE2 activity in the CSF (P<0.05 versus NT plus sham; Figure 4C ), indicating that the ACE2 ectodomain might be shed from the plasma membrane. ADAM17 was previously reported to promote ACE2 shedding in vitro. 12 The involvement of this sheddase was confirmed in NT plus DOCA mice by the observation of increased ADAM17 activity and expression in the hypothalamus (P<0.05 versus NT plus sham; Figure 4D and 4E). To confirm that increased ADAM17 is mediated by RAS overactivity, protein expression was determined in losartan-treated hypothalami. Online Figure III shows that blockade of AT 1 R prevented the increase in ADAM17 expression in DOCA-salt-treated mice. Because calmodulin (CaM) binding to the cytoplasmic tail of ACE2 has been described as a protective mechanism against shedding, 20 we then assessed CaM-bound ACE2 levels after immunoprecipitation. Interestingly, we observed a significant reduction of CaM-bound ACE2 in DOCA-salt-treated NT mice (P<0.05 versus NT plus sham; Figure 4F ), consistent with the idea that unprotected ACE2 might have become a target for shedding. Together, our data provide strong evidence in favor of a RAS overactivity-mediated mechanism leading to enhanced ADAM17 expression and activity that participates in ACE2 downregulation through shedding of its catalytic site from the plasma membrane into the surrounding milieu.
Moreover, our data show that in SA mice the enhanced ACE2 activity in the central nervous system was unaffected by DOCA-salt treatment. It appears that ACE2 overexpression can limit the impact of ADAM17-mediated shedding and overcome the feed-forward mechanism of RAS overactivity.
Knockdown of ADAM17 Attenuates DOCA-SaltInduced Hypertension
These findings suggest that RAS overactivity leads to upregulation of ADAM17, resulting in enhanced ACE2 shedding and the maintenance of hypertension. To determine whether ADAM17 contributes to DOCA-salt hypertension, we hypothesized that ADAM17 knockdown would prevent the development of high BP. Because constitutive deletion of ADAM17 is associated with developmental problems, and because antagonists lack specificity, we relied on siR-NA methodology. To validate this approach, a cocktail of ADAM17-targeted siRNA was first tested in a neuroblastoma cell line. Neuro2A cells incubated with Ang-II (100 nmol/L, 24 hours) showed a significant increase in ADAM17 expression, confirming the ability of Ang-II to upregulate this sheddase (Online Figure IV) . However, pretreatment with ADAM17 siRNA, but not scrambled siRNA, blocked ≈90% of ADAM17 expression. This validation being achieved, we infused ADAM17 siRNA centrally (0.1 nmol/day icv) in NT mice during DOCA-salt administration. A 3-week icv infusion of ADAM17 siRNA had no effect on MAP or SBRS levels in sham-treated mice (P>0.05 versus NT plus sham; Figure 5A and 5B). Interestingly, knockdown of ADAM17 in the brain significantly attenuated DOCA-salt-induced hypertension (P<0.05 versus NT plus DOCA; Figure 5A ). As one of the mechanisms that might have contributed to the reduction of hypertension, SBRS was restored to the normal values observed in NT plus sham mice ( Figure 5B ). In addition, Western blotting shows that ADAM17 siRNA infusion resulted in a significant reduction of ADAM17 expression in the hypothalamus compared with the increase in ADAM17 expression in NT plus DOCA mice ( Figure 5C ; P<0.05 for interaction between DOCA treatment and siRNA infusion). The improvements of BP and SBRS in these DOCA-salt mice were concomitant to a ≈50% knockdown of ADAM17 expression in the hypothalamus ( Figure 5C ), which was associated with a blunted reduction of ACE2 activity in the hypothalamus and normalization of ACE2 activity in the CSF ( Figure 5D ). These data confirm that ADAM17 contributes to the maintenance of DOCA-salt hypertension by impairing ACE2 compensatory activity.
Discussion
Since the discovery of ACE2 in 2000, as the missing link between the classic RAS and its compensatory axis, 1 many reports have supported the pivotal role of this enzyme in cardiovascular diseases. However, although overexpression studies have established the benefits of ACE2, very little has been accomplished to understand the regulation of this carboxypeptidase. Accordingly, we first investigated whether brain ACE2 could play a therapeutic role in a poorly studied but clinically relevant high BP model-the DOCA-salt hypertension. The next objective was to clarify the role of brain ACE2 shedding in the regulation of the compensatory activity of the enzyme. Finally, we assessed whether prevention of ACE2 shedding could affect the development of DOCAsalt hypertension. Our data, for the first time to our knowledge, provide strong evidence that low-renin hypertension is associated with reduced ACE2 expression and activity in the brain, leading to autonomic dysfunction, impaired baroreflex sensitivity, inflammation, and hypertension. In addition, we show that Ang-II-mediated upregulation of ADAM17 contributes to ACE2 shedding, thus reducing the membrane-bound carboxypeptidase levels and increasing its soluble form. Finally, we demonstrate that knockdown of ADAM17 prevents the reduction of ACE2 levels in the brain and is associated with a blunting of DOCA-salt hypertension. Therefore, we have established for the first time that ACE2 shedding contributes to the development of neurogenic hypertension.
Low-renin hypertension accounts for 25% of patients with high BP. Previous studies have demonstrated that DOCAsalt hypertension, a low-renin hypertension model, [21] [22] [23] [24] is mediated through activation of the RAS within the brain and is associated with enhanced sympathetic activity and vasopressin secretion. 25, 26 One of the many brain regions involved in the central regulation of BP is the hypothalamic PVN, which contains both presympathetic and vasopressinergic neurons. In addition, we previously reported that ACE2 is present in this region and capable of modulating cardiovascular function. 6, 9 In our study, although there was no alteration in plasma Ang-II levels, we observed overactivity of the classic RAS (Ang-II and AT 1 R) in the PVN and a simultaneous impairment of the compensatory RAS (ACE2 and MasR). These alterations could be prevented by ACE2 overexpression in SA mice, suggesting a role for locally produced Ang-II in mediating the hypertensive response and as evidenced by the reduction of hypothalamic Ang-II levels in SA mice. Moreover, brain AT 1 R blockade prevented the development of DOCA-salt hypertension, confirming the critical role of central AT 1 R in this model of neurogenic hypertension. These data suggest that low-renin hypertension, like other forms of neurogenic hypertension, 7, 8 is detrimental for the compensatory RAS in the brain, leading to downregulation of the compensatory axis and exacerbation of the classic RAS, altogether reinforcing a feed-forward mechanism promoting dysautonomia, release of vasoactive peptides, and ultimately elevating BP. Although we did not directly assess the contribution of Ang-(1-7) in this model during DOCAsalt hypertension, we previously reported that SA mice have an altered Ang-II:Ang-(1-7) ratio in favor of the vasodilatory peptide and that their resistance to neurogenic hypertension is mediated by Ang-(1-7) via its MasR. 7 Previous studies have supported the interaction between centrally acting Ang-II and the systemic release of AVP. 27, 28 DOCA-salt treatment increases the release of AVP, 26 which in turn strongly contributes to the pressor effect of centrally acting Ang-II. 28, 29 Interestingly, Ang-(1-7), the product of Ang-II degradation by ACE2, was originally reported to promote AVP release from hypothalamic explants. 30 However, our in vivo studies argue against this hypothesis. In our study, the formation of Ang-(1-7) in the brain of SA mice, previously reported as a contributing mechanism to the reduction of neurogenic hypertension, 7 was associated with a reduction of AVP release; therefore, it is unlikely that the heptapeptide could participate in AVP release in vivo. We speculate that ACE2 overexpression in the brain leads to the conversion of Ang-II into Ang-(1-7), thus preventing Ang-II stimulation of AVP release and thereby contributing to the reduction of neurogenic hypertension.
In recent years, evidence has accumulated that hypertension is a chronic low-grade inflammatory condition and that activation of proinflammatory mechanisms contributes to the pathogenesis of hypertension. 9, 18, 31, 32 A recent study 18 showed that Ang-II-mediated hypertension is caused by central mechanisms and described a feed-forward process Figure 6 . Brain renin-angiotensin system (RAS), ADAM17, and neurogenic hypertension. On baseline, angiotensin II (AngII) is formed from AngI by the angiotensinconverting enzyme (ACE) and binds AngII type 1 (AT 1 R) and type 2 (AT 2 R) receptors. AngII can be cleaved by ACE2 to form Ang(1-7), which then interacts with the Mas receptor (MasR). RAS overactivity under deoxycorticosterone acetate (DOCA)salt stimulation results in increased levels of AngII and AT 1 R expression, leading to increased expression of ADAM17, which in turn cleaves ACE2, resulting in decreased membrane ACE2 levels, thereby decreasing Ang(1-7) formation, reducing MasR activation, and ultimately contributing to the development of neurogenic hypertension. Overexpression of ACE2 in the brain results in enhanced conversion of DOCAsalt-induced increase in AngII levels, thereby promoting enhanced formation of Ang(1-7) levels while inhibiting ADAM17 upregulation.
in which the central pressor effects of Ang-II lead to activation of T cells, which in turn promote vascular inflammation and further increase BP, leading to severe hypertension. Despite previous reports showing increased proinflammatory cytokines in the heart, 33,34 kidneys, 35 and aorta 36 in DOCA-salt hypertension, a recent study challenged the participation of these molecules in the brain. 19 Our study confirmed previous observations made in peripheral tissues and extended the findings to the PVN, showing that DOCA-salt-induced hypertension is associated with elevated proinflammatory cytokines and chemokines in the brain, as evidenced by an increase in TNFα, IL-1β, IL-6, and MCP-1. Brain-specific overexpression of ACE2 attenuated the increase in local tissue Ang-II levels and inflammation, thereby providing an additional mechanism by which ACE2 contributes to BP regulation.
The present study provides strong evidence for ACE2 shedding as a novel mechanism involved in the development of neurogenic hypertension ( Figure 6 ). Our data show that DOCA-salt hypertension was associated with increased ADAM17 expression and activity in the hypothalamus, whereas membrane ACE2 expression was reduced and soluble ACE2 was increased in the CSF. Moreover, we observed that treatment of neurons with Ang-II resulted in upregulation of ADAM17, consistent with previous reports showing that EGF receptor transactivation is mediated by Ang-II stimulation of ADAM17. [37] [38] [39] The fact that ACE2 shedding could be reduced by ACE2 overexpression suggests that Ang-II is a major player in the activation of ADAM17 in DOCA-salt hypertension ( Figure 6) . Mouse ACE2 mRNA level was not altered in NT and SA mice with or without DOCA-salt treatment, confirming that the reduced ACE2 activity in DOCA mice is posttranslational and not at the transcriptional level, consistent with our hypothesis that ACE2 shedding could be a major mechanism involved. ADAM17 is thought to exist as a latent protein in the cytoplasm, 40, 41 which on activation by reactive oxygen species is translocated to the plasma membrane, where it can exert its shedding process. Although ADAM17, also called TNFα convertase, can promote the shedding of multiple membrane proteins, including TNFα, its receptor, and the EGF receptor, 42 it is the only sheddase known to cleave ACE2, although the exact site of cleavage remains to be determined. 43 ,44 ADAM17-mediated ACE2 shedding has previously been reported in cell cultures, 12, 45, 46 where cleavage of the membrane-bound ACE2 releases a soluble form that retains its carboxypeptidase activity. 47 In addition, ACE2 shedding was recently suggested as a biomarker for chronic kidney disease.
48 ADAM17 has been suggested as a player in vascular remodeling, hypertrophy, and growth processes, 37, 38, 49, 50 mostly by promoting transactivation of the EGF receptor, but it has never been shown to directly modulate BP. Therefore, ACE2 shedding provides the first direct evidence for a role of ADAM17 in BP regulation. This hypothesis is supported by our data showing that ADAM17 knockdown was associated with reduction of ACE2 shedding, restoration of baroreflex function, and a decrease in DOCA-salt hypertension, similar to what was observed in mice overexpressing ACE2 on neurons. In addition, targeting of ADAM17 in hypertension provides multiple benefits because it would allow for the reduction of active TNFα levels, thus reducing part of the inflammatory component and preventing ACE2 shedding, thereby preserving the compensatory function of this carboxypeptidase.
Interestingly, our study also identified weaknesses among the mechanisms supposed to protect ACE2 function from shedding. CaM was previously reported to bind the cytoplasmic tail of ACE2 and thereby confers protection against ADAM17-mediated shedding. 20 However, our data show that in DOCA-salt hypertension ACE2-CaM binding was reduced, leaving the carboxypeptidase unprotected and more sensitive to ADAM17-mediated shedding. Interestingly, this could not be rescued by ACE2 overexpression, suggesting that RAS overactivity might not be directly involved in reducing the ACE2-CaM interaction. It is possible that changes in protein conformation resulting from increased osmolality might have altered the protein binding, and this needs to be further addressed.
In conclusion, our data, for the first time, provide strong evidence that low-renin hypertension is associated with reduced ACE2 expression and activity in the brain, leading to autonomic dysfunction, impaired baroreflex sensitivity, inflammation, and hypertension. In addition, we show that brain Ang-II-mediated upregulation of ADAM17 contributes to ACE2 shedding, thus reducing the membranebound carboxypeptidase levels and increasing its soluble form ( Figure 6) . Finally, we demonstrate that knockdown of ADAM17 prevents the reduction of ACE2 levels in the brain and is associated with a reduction of DOCA-salt hypertension. Therefore, we have established for the first time that ACE2 shedding contributes to the development of neurogenic hypertension.
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